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INTRODUCTION 

Combustion o f  f o s s i l  f u e l s  i n  l a r g e  s t a t i o n a r y  furnaces causes the  
emission o f  n i t r o g e n  oxides, a la rge  f r a c t i o n  o f  which a r i s e  from the  
n i t rogen-conta in ing  components i n  the f u e l ,  producing a major p o l l u t i o n  problem 
which i s  expected t o  increase i n  s e v e r i t y  i n  the f u t u r e .  The r e s u l t s  being 
reported i n  t h i s  paper are p a r t  o f  those obtained from a cont inu ing  study 
t o  determine the mechanism by which these oxides may form. Because s tud ies  
have shown t h a t  most o f  the  n i t rogen i n  heavy o i l s  i s  i n  the  form o f  
heterocycles (1-3). and i t  i s  bel ieved t h a t  the  n i t r o g e n  components o f  coal  
are s i m i l a r ,  p y r i d i n e  was selected as representa t ive  o f  these components. 
I t  was assumed t h a t  t h e  r a d i c a l  fragments formed dur ing  p y r i d i n e  p y r o l y s i s  
and r i c h ,  low temperature o x i d a t i o n  would be s i m i l a r  t o  those obtained from 
the same r e a c t i o n s  o f  f o s s i l  f u e l s  t h a t  occur dur ing  the pre-flame stages 
o f  combustion. L a t e r  experiments emphasized HCN o x i d a t i o n  s ince several 
studies i n d i c a t e d  t h a t  i t  was the  key v o l a t i l e ,  n i t rogen-conta in ing  
intermediate formed d u r i n g  f u e l  n i t rogen combustion (4-8).  I n  add i t ion ,  
HCN used w i t h  several  f u e l  a d d i t i v e s  al lowed a grea ter  c o n t r o l  o f  the  chemical 
nature o f  the r e a c t i o n  environment. We have p r e v i o u s l y  reported on the  i n e r t  
p y r o l y s i s  k i n e t i c s  o f  p y r i d i n e  (9). the  r a t e  o f  format ion o f  HCN dur ing  
pyr id ine  p y r o l y s i s  ( l o ) ,  the  ox ida t ion  k i n e t i c s  o f  cyanogen ( l l ) ,  and o f  
pyr id ine  (12) and HCN (13) a t  low temperatures. 

EXPERIMENTAL 

A f l o w  system designed t o  operate a t  atmospheric pressure was constructed 
f o r  the  study o f  t h e  o x i d a t i o n  o f  the p e r t i n e n t  n i t rogen-conta in ing  reactants.  
The system i s  s u i t a b l e  f o r  the  i n t r o d u c t i o n  o f  v o l a t i l e  l i q u i d s  ( reac tan ts  
and s o l u t i o n s  w i t h  a d d i t i v e s )  i n t o  a heated hel ium stream through the  use 
o f  a syr inge pump t o  d r i v e  a c a l i b r a t e d ,  t u b e r c u l i n  syr inge. The system 
can a l s o  u t i l i z e  gaseous species; these reac tan ts  and add i t i ves .  mixed w i t h  
helium a t  t h e  des i red  concentrat ions,  a re  maintained i n  s t e e l  storage tanks. 
The f l o w  stream i s  examined by a quadrupole mass analyzer equipped w i t h  
c a p i l l a r y  probe atmospheric sampler which funct ioned as an on stream monitor 
f o r  the consumption o f  reactants.  Helium i s  used as the c a r r i e r  gas because 
i t  i s  chemica l l y  i n e r t  and has a very h igh  thermal c o n d u c t i v i t y ,  thus  prov id ing  
rapid heat ing  and quenching. The system has a group o f  removable Vycor 
reac tors  heated by  an e l e c t r i c  furnace. One r e a c t o r  was a s t i r r e d - f l o w  design 
(40  C C )  which had been p r e v i o u s l y  t e s t e d  f o r  s t i r r i n g  e f f i c i e n c y  (14) ,  the  
others were p lug- f low type (10 t o  40 cc) .  A f l o w  l i n e  which bypasses the 
reac tor  was used so t h a t  entrance and e x i t  concentrat ions o f  reac tan ts  could 
be measured. A Thermo E lec t ron  Chemiluminescent NO/NOx analyzer w i t h  on 
stream sampling was used f o r  the  o x i d a t i o n  s tud ies  o f  pyr id ine ,  HCN and N20. 
A mod i f i ca t ion  o f  the f l o w  stream was requ i red  t o  ob ta in  d i r e c t  samples from 
the r e a c t o r  e f f l u e n t  t o  measure the l i g h t  gases w i t h  a gas chromatograph. 
A l i n e a r  sw i tch ing  valve was used t o  p rov ide  a series-bypass c a p a b i l i t y  w i t h  
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constant back pressure f o r  the two columns. A molecular sieve 5A column 
was used f o r  02, N2 and C O  while a porous polymer Chromosorb 101 column was 
used for  CO2 and N20. I n  order t o  determine the amounts of HCN and NH3 
produced from the o x i d a t i o n  o f  pyridine and H C N ,  d i lu te  solutions of NaOH 
or  HC1 in the bubble towers were used in separate experiments t o  t rap  the 
HCN or NH3 respectively, f o r  ion-specific electrode analysis .  A second bubbler 
in se r ies  with the f i r s t  was found t o  be unnecessary. 

RESULTS AND DISCUSSION 

The current study has shown t h a t  in order t o  produce s ignif icant  yields  
of NO from the oxidation of pyridine or HCN-fuel mixtures, conditions which 
promote a flame must ex is t  in the flow reactor. The existence of a flame 
was confirmed by visual observation in several ,  b u t  n o t  a l l ,  experiments. 
The capabi l i ty  of producing a flame depends on the nature of the fuel (Tables 
1, 2 and 3, a l l  d a t a  are s t i r red-f low),  temperature (Tables 1, 2, 3 and 5), 
concentrations (Tables I-5),  reactor design ( s t i r r e d  - o r  plug-flow, Table 
51, and flow rate (Tables 1 and 5) .  The conditions which promoted N O  formation 
where characterized by complete consumption of fuel-nitrogen a t  a l l  flow 
rates  in the stirred-flow reactor ,  however, the plug-flow reactor exhibited 
a n  inverse consumption a t  intermediate temperatures, a t  f i r s t  decreasing 
from complete consumption a t  h i g h  flows, passing through a minimum then 
increasing again (Table 5 ,  CgHgN and HCN/C6H6 mixtures a t  800 C and HCN/CO 
a t  700 C )  while the NO yield continually decreased. After a threshold 
temperature was reached in the plug-flow reactor ,  the NO yield did not appear 
t o  depend on temperature s ignif icant ly  (Table 5 ) .  The non-flame conditions, 
a t  re la t ively low temperatures and/or concentrations of f u e l s ,  were 
characterized by a flow ra te  dependent consumption of fuel-nitrogen which 
was converted essent ia l ly  completely t o  N2 and N20 (maximum yield of about 
50% of the l a t t e r )  ( 1 2 ,  13). This was observed in b o t h  types of reactors ,  
however, the flame condition persisted t o  a much lower temperature in the 
entrance of the plug-flow reactor a s  evidenced by visual observation and 
NO production. The observed dependence of NO yields  on flow r a t e ,  f i r s t  
increasing t o  a maximum then decreasing (Tables 1, 2 and  5) in the s t i r red-f low 
reactor was no t  observed with plug-flow, thus i s  thought t o  be a n  anomaly 
due t o  reactor-induced flame ins tab i l i ty .  However, other yield dependencies 
are  qual i ta t ively the same in b o t h  types of reactors. The t rans i t ion  between 
flame and non-flame reaction was abrupt as  evidenced by a rapid increase 
in fuel nitrogen consumption and s h i f t  in products, t h u s  i s  a t t r ibu ted  t o  
a change in mechanism rather  t h a n  a sequential process. 

Specifically i t  was found t h a t  pyridine and benzene/HCN mixtures give 
s imilar  resul ts  (Tables 1, 2 and 5) while CO (Tables 2 and  5) and  acetylene 
(13) added t o  HCN promoted N O  formation a t  lower temperatures and 
concentrations (on an atom o r  heat equivalent bas i s ) ,  t h a n  the other  fuel 
combinations. Mixtures of Hz/HCN were very different  from other  fuel 
combinations, producing lower extents  of HCN consumption and  very low t o  
negligible yields of NO a t  conditions which normally gave high y ie lds  of 
NO w i t h  other fuels  (Table 1). Finally, i t  has  been c lear ly  established 
tha t  N20 was the prevalent oxide o f  nitrogen a t  low temperatures (Table 5 
and Reference 15) and/or equivalence ra t ios  (Table 4 ) ,  whereas NO became 
prevalent a t  higher temperatures and fuel concentrations ( u p  to  stoichiometric 
mixtures) and t h a t  t h e i r  concentrations were inversely related.  In order 
t o  fur ther  check the poss ib i l i ty  of NO/N20 interconversion experiments were 
performed by adding NO2 (NO did n o t  e x i s t  in our reactant storage t a n k )  t o  the 
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reaction mixture a t  low temperatures and by oxidizing N 2 0  in the presence 
of various fue ls  (Table 7) .  The resu l t s  w i t h  NO were somewhat inconclusive 
since some experiments showed some increase i n  N 2 0  and others did n o t  (16 ) .  
The re la t ive ly  small increases observed indicate t h a t  N O / N 0 2  could n o t  be 
a major source of N20 a t  those conditions. The resu l t s  with N 2 0  c lear ly  
show t h a t  NO i s  not formed from N 2 0  i n  large yields .  

In addition t o  the vola t i le  products observed, i t  was noted t h a t  a 
white solid was formed (about a 3% yie ld)  a t  non-flame conditions with lean 
mixtures of H C N / C 0 / 0 2  and H C N / H 2 / 0 2 .  Samples of these sol ids  were examined 
by infrared and elemental analyses which indicated that  those from H C N / C O  
were NH NCO, Whereas most, but not a i l ,  of those f r m  t i C N / H 2  were Wea 
(Table 84. I t  was a l s o  found t h a t  a room temperature sublimate from N H 4 N C O  
was urea, indicat ing an easy conversion was possible. These sol ids  show 
the presence of N H 3  and H N C O  i n  the  reactor a t  non-flame conditions. I n  
an attempt t o  determine the nature of the intermediate t h a t  leads t o  N 2 0  
formation, oxidation s tudies  of methylisocyanate and dimethylhydrazine, with 
and without addi t ive fue ls ,  were made. N o  increase in N 2 0  formation was 
noted from these over tha t  obtained from H C N .  

C O N C L U S I O N S  

The conclusions reached from the above observations are: (1)  T h a t  
N 2 0  and NO a re  probably formed from a common precursor i n  the mechanistic 
chain, although possibly n o t  the same immediate intermediate, and neither 
a re  formed from each other. The d a t a  strongly shows tha t  NO does not form 
a t  those lower temperatures which promote N 2 0  .formation and N 2 0  does n o t  
oxidize t o  N O .  In addition, the equivalence r a t i o  dependence shows t h a t  
N 2 0  forms a t  leaner  conditions than does N O ,  which i s  most l ike ly  due t o  
maintainance of flame conditions a t  the more r ich  condtions. T h u s ,  the 
reported mechanism s teps  f o r  the formation of N 2 0  from N O ,  a t  l eas t  a t  our 
conditions, are  not applicable (17). ( 2 )  T h a t  N O  formation cannot occur 
primarily by an  interact ion between NH or N and O H ,  as usually assumed in 
mechanisms (17) ,  because of the observed influence of d i f fe ren t  fuels  on 
the conditions necessary t o  produce N O .  
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TABLE 1 Fuel Type E f f e c t s  on NO Yields ( %  o f  Reacted N) a t  950 C 
Reactants - I n i t i a l  Concentrations (mole X )  

.9CgHgN/702 1HCN/ .5C&/702 lHCN/3C0/702 lHCN/3H2/702 1HCN/3H2/60zb 
.54 .46 

-- 0.4 0.375 13 18 42 
0.5 12 26 35 0.5 0.3 
0.75 27 67 34 -- 

66 32 0.3 0.2 1 .o 69 
42 19 2.0 44 

4.0 6 14  5 

- - .46 - Time( s e c ) p a  .87 .79 

_-  
-- -- 
-- _-  

.5CgHgN/702 .2HCN/.25CgH6/3.502 2HCN/5C0/702 2HCN/1402 2HCN/702 
.50 

0.375 17 
0.5 24 24 70 2.0 2.1 
1 .o 32 26 60 2.2 5.0 
2.0 44 52 35 1.1 5.5 
4.0 24 29 14 0.5 2.8 

- .25 -- - .86 -- - Time(sec)\ERa fi .64 -- -- 

(a )  
( b )  These were run a t  900 C 

Equivalence r a t i o s  were ca lcu la ted  on the  basis o f  C02, H20 and NO as products 

TABLE 2 Temperature E f f e c t s  on NOx Y i e l d  ( X  o f  Reacted N) f o r  Various Fuels 

.9CgHgN/702( .87)a 
Time(sec) 900 C 950 C 

0.5 6 12 

6 4.0 -- 

0.5 
1 .o 
2.0 
4.0 

-- 15 24 
15 26 96 
12 52 80 
-- 29 44 

lHCN/6C0/1202( .40) 

700 'C 800 C 900 C 

.5C5H5N/702(.48) 1HCN/.25C&/702( .52) 
900 C 950 C 900 c 

13 24 5 

13 32 6 

9 44 5 
12 24 3 

--  -_  _-  
-- 56 -- 

2HCN/4C0/702( .79) 
800 C 900 C 1000 C 

8 40 56 
8 41 52 
2 30 48 

26 -- -- 
lHCN/8C0/1202(. 48) 

700 C 800 C 

0.5 2 29 70 
1 .o 4 62 66 
2.0 2 56 56 .. .. 

20 20 -. 4.0 -- 
(a) Reactant concentrat ions and (equivalence r a t i o s )  a re  the same bas is  as i n  Table 1 

7 46 
27 80 
70 69 

1 27 
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TABLE 3 Fuel  R i c h  NOx Y i e l d s  ( %  Reacted N )  

Time( sec)  

0 .5  
1 .o 
2 .0  
4.0 

0 .5  
1 .o 
2.0 
4.0 

.65CgHgN/3.502( 1 .25)a  lHCN/8C0/302( 1 . 9 2 )  

1000 Cb 800 C 900 c 
12 
22 
22 
12 

6 55 
7 51 
1 30 
0.2 8 

IHCN/4C0/202( 1.88)  lHCN/5C0/402( 1 . 0 6 )  

1000 c 800 C 900 c 
3 
4 
2 -- 

l o  
33 
24 

3 

48 
44 
32 
10 

( a )  
( b )  

See Tab le  1 f o o t n o t e  ( a )  f o r  ER c a l c u l a t i o n  
Y i e l d s  were n e g l i g i b l e  f o r  t h i s  m i x t u r e  a t  900 C 

TABLE 4 Equ iva lence R a t i o  E f f e c t s  on NOx/N20 Y i e l d s  

Y i e l d  NOX/N2Ob 

% C6Hga ER S t i r r e d  (775 C) P l u g  (800 C )  

0 0.25 0.7/29 0.2/30 
0.12 0.38 0.5/39 -- 
0.25 0.52 0.4/40 0.2/28 
0.5 0.79 0.5/34 12/14 
0.75 1.05 1 .1 /23  26/2 
1 .oo 1.32 2.5/1.2 24/ - -  

( a )  

( b )  

Reactan ts  a r e  1HCN/702 p l u s  benzene i n  mole % - ER as i n  
Table 1, f o o t n o t e  ( a )  
Both s t i r r e d  and p l u g  f l o w  r e a c t o r s  were u s e d , w i t h  one second c o n t a c t  
t i m e  f o r  a l l  exper iments  
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Time( sec) 

0.25 
0.5 
1 .o 
2.0 
4.0 

0.25 
0.5 
1 .o 
2.0 
4.0 

0.25 
0.5 
1 .o 
2.0 
4.0 

TABLE 5 Comparison o f  P l u g  and S t i r r e d - F l o w  Data:  
NO/N20 Y i e l d s  i n  % Reacted N i t r o g e n  

1HCN/. 25C&j/702a 

aoo c 900 c 

P l u g  S t i r r e d  P l u g  S t i r r e d  

40 /13  -- 39/22 -- 
16 /25  n /45  16/22 5/41 
11/30 n/40 3/45 6/39 
n /34  11/43 n/a 5/33 
n /28  11/40 n /8  3/31 

.5CgHgN/702 

7 2 5 c  aoo c 900 c 

P l u g  P l u g  S t i r r e d  P l u g  S t i r r e d  

n/n 34/18 n/-- 42/12 13 /28  

3/32 n/37 -- 4/26 9/30 
5/43 11/40 -- -- 12/26  

-- -- -- -- 56/6 

4/3 9/33 -- 18/24 13/30 

lHCN/4C0/60$ 

950 C 

P lug  S t i r r e d  

39/10 l o / - -  
29/13 15/--  
10/15 46/-- 

n /5  11/ - -  
1/11 2 8 ~ -  

950 C 

P l u g  S t i r r e d  

56/6 -- 
19/13 32/--  
5/10 44/--  
1 /5 24/--  

4o/a a/-- 

700 C 750 C 

P l u g  S t i r r e d  P l u g  S t i r r e d  

40/5 17/11 n / - -  21 /7 1 /37 
3/26 11/28 21/11 2/37 
11/32 n/27 n / l 4  1 /40 

-- -- -- 

aoo c 
P lug  S t i r r e d  

35/1 -- 
32/3 9/13 

11/36 23/22 
16/22 33/18 

1-1/22 n/25 n/-- -- n/23 2/22 

( a )  
( b )  

Composi t ions i n  mole %, n i s  f o r  n e g l i g i b l e  amounts 
F o r  CO added f u e l s  be low 700 C t h e  HCN consumpt ion  dropped d r a s t i c a l l y  
and was t i m e  dependent,  whereas, above 700 C t h e  HCN was more t h a n  90% 
consumed a t  a l l  f l o w  r a t e s  
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TABLE 6 Low Temperature - Pyridine Oxidation (Plug Flow Reactor) 
% Yields o f  HCN/NzO 

.5C~jHgN/702~ 

Time( sec) 750 C 725 C 

0.25 66/11 -- -- 
0.5 11 /48 30/n -- 
1 .o 2/55 58/3 47/11 
2.0 -- 16/32 9/50 
4.0 -- 2/43 7/48 

E 
NO, hiah a t  .25 and . 5  sec. HCN neal ia ib le a t  a l l  flows 

(a) Concentrations i n  mole % 

TABLE 7 N20 Oxidation Data 
% N20 Reacted /NOx Yield ( %  o f  Reacted N2O)a 

2.2N20/702b 2.2N20/8C0/702 2.2N20/. 5C&/702 

Time(sec) 900 C 1000 C 900 C 1000 C 1000 c 
0.5 10/13 53/12 84/14 94/18 -- 
1.0 20/9 80/9 79/11 91/14 91 /9 
2.0 33/9 91/7 76/9 98/8 -- 
4.0 54/3 92/5 83/5 99/6 99/3 

(a) 
(b) Concentrations i n  mole % 

Similar low yields o f  NO, were found a t  800 and 750 

TABLE 8 Solids Formation 

XN-Fuel Reacted Temperature (C) Principal Sol id Product 

2HCN/EC0/702 

15 
18 
17 
40 

650 
650 
650 
67 5 

NH4NCO 
NH4NCO 
NH4NCO 
NH4NCO 

50 
29 
20 

650 
700 
600 

Urea 
Urea 

NH4NCO 

97 750 NH4NCO 
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